ABSTRACT: Recovery of microphytobentos (MPB) and benthic processes were followed during 23 d after sediment deposition simulating the effects of 1 wk of nearby dredging or construction work. Cores of natural intact sediment in an outdoor flow-through system were exposed to daily depositions of 1.5 mm fine-grained sediment over 7 d (total load 10.5 mm). Porosity, chlorophyll a (chl a; proxy for MPB biomass), denitrification and sediment−water fluxes of oxygen and inorganic nutrients were measured during day and night on 6 occasions. After deposition stopped, chl a in the uppermost 3 mm of the sediment had decreased to 25% of that in the controls, started to increase linearly, probably due to upward migration of diatoms, but did not converge with the control cores in the course of the experiment. The linear increase of chl a indicated a recovery of algal biomass after ~50 d. The proportion of large sigmoid diatoms increased in the deposition cores and this change in MPB composition remained over the 23 d. Deposition resulted in higher porosity and increased flaking of the newly established algal mat. Deposition generally increased release or decreased uptake of nutrients, though effects on nitrate flux and denitrification were less clear. Although alga-related functions (oxygen production and nutrient fluxes in light) recovered faster than algal biomass, the faster recovery of the integrated system function in the dark reflected the impact of deposition on MPB. Sediment deposition in microtidal areas may imply disturbances for MPB, threatening the food supply for grazers and deposit feeders, and, in the end, fish that use the shallow areas as nurseries.
INTRODUCTION
Shallow coastal areas provide a multitude of ecological goods and services (Costanza et al. 1997 , Söderqvist et al. 2005 , but are today exposed to a range of anthropogenic impacts. One such impact is the increased deposition of sediment caused by dredging, construction works in or close to the water, and changed land use (e.g. Miller et al. 2002 , Borja et al. 2010 . Several studies on the effect of such physical disturbances on benthic macrofauna have found that recovery time of both abundance and species composition varies, but often exceeds 1 yr (Boyd et al. 2003 , Dernie et al. 2003 , Lundquist et al. 2004 . Recovery has been found to be controlled by a combination of physical end ecological factors operating on different temporal and spatial scales (Norkko et al. 2006 , Thrush et al. 2008 , such as the ability of the organisms to migrate to the sediment surface (e.g. Schratz berger et al. 2000) . Faunal recovery rate is also well correlated with the availability of food resources (Stocks & Grassle 2001) , emphasising the crucial role of the microscopic organisms that consti-tute the base of the food webs of shallow-water sediments. Despite this obvious dependency on lower trophic levels there are surprisingly few studies that have considered the effects of sediment deposition on microbenthic populations at the sediment−water interface (Wulff et al. 1997 , Schratzberger et al. 2000 , let alone functions controlled by them (Rodil et al. 2011) .
In shallow-water sediments, microbenthic organisms drive central ecosystem processes, such as primary production, decomposition and remineralisation, and therefore play a key role in biogeochemical cycling (e.g. Hochard et al. 2010 and references therein) . In photic sediments, the autotrophic component consisting of microalgae and cyanobacteria (microphytobenthos, MPB) often dominates these communities (Paerl & Pinckney 1996) . MPB are not only important primary producers (Underwood & Kromkamp 1999 , Haese & Pronk 2011 , but also control sediment−water nutrient fluxes, often turning sediment into nutrient sinks (Sundbäck et al. 2004 and references therein), and bacterial nitrogen turnover (Risgaard Petersen 2003) . They also function as eco-engineers, stabilising sediments through the pro duction of extracellular polymeric substances (EPS) (Yallop et al. 1994 , Underwood & Smith 1998 . Since adjacent systems are dependent on shallow areas for recruitment and food supply, their function is even more important in a wider perspective. Increased knowledge of the sensitivity and resilience of these microbenthic communities, as well as processes controlled by them, is important for the effective management of coastal resources.
One important finding regarding stressor effects on shallow-water benthic communities is that MPB substantially enhance the resilience of sediment systems. Particularly benthic diatoms, because of their obviously high resistance (tolerance) to stressors such as hypoxia, H 2 S and low levels of toxicants, contribute to the rapid recovery of crucial ecosystem functions (Piehler et al. 2003 , Alsterberg et al. 2007 , Larson & Sundbäck 2008 ). The mechanism is that MPB rapidly re-oxygenate the sediment surface, aiding the recovery of other important compartments and processes (e.g. Underwood & Paterson 1993 , Larson & Sundbäck 2008 , Petersen et al. 2009 ). Deposition of sediment is a disturbance that differs from the stressors mentioned above in that it affects the most important resource of MPB, namely light. Endurance of periods of darkness and rapid upward migration therefore become important traits. Wulff et al. (1997) found that the algal, meiofaunal and bacterial communities of a sandy sediment recovered after 2.5 mm deposition of silt within 8 d. This result suggests that, as long as the deposited sediment layer (void of live MPB) is thin, rapid upward migration can quickly restore the algal community and its function at the sediment−water interface.
The aim of our experiment was to study the resilience of a silty, illuminated sediment and its functions after sediment deposition simulating short-term (ca. 1 wk) dredging or construction work in a microtidal area. Resilience of ecosystems has been defined in at least 2 ways: (1) as the time required for a system to return to equilibrium after a disturbance (engineering resilience; e.g. Pimm 1984) or (2) as the amount of disturbance that a system can absorb before flipping to another state (ecological resilience; e.g. Holling 1973, Thrush et al. 2009 and references therein) . By attempting to measure the approximate time it took for the deposition-treated system to become indistinguishable from the control system, we have adopted the first concept of the term resilience. We learnt from previous work, that MPB plays an important role in increasing the rate of recovery after various stressors (see references above); but these stressors did not involve light reduction. Therefore, we hypothesised that: (1) the reduction of light caused by sediment deposition, also being a physical obstacle for algae returning to the surface, will result in slower recovery of MPB and related sediment functions compared to stressors that do not affect the light climate and (2) because heterotrophic organisms do not -at least not initially and directly -become light limited, major functions driven by bacteria (remineralisation and denitrification) will recover faster than primary production. This would be the opposite order of recovery to that we noted after hypoxic events (Larson & Sundbäck 2008 , Engelsen et al. 2010 , where 'dark functions' recovered more slowly than 'light functions'.
MATERIALS AND METHODS

General approach
Forty-eight intact sediment cores (2 treatments × 4 replicates × 6 sampling occasions) were incubated in an outdoor flow-through system (see Larson & Sundbäck 2008) , where half of the sediment cores were exposed to a simulated deposition event (deposition cores) lasting for 1 wk and half of them were left untreated (control cores). The response and recovery of the microphytobenthic community and sediment functions were followed during a period of 23 d by sampling on 6 occasions. 4 , as well as denitrification. Structural variables included the chlorophyll a (chl a) content and porosity of the sediment, and composition of microalgae.
Sediment collection
Sediment was collected from a boat with an Olausson box-corer (30 × 30 cm) at a depth of 1.5 m in Munkeby Bay (58°14' N, 11°32' E), next to a sound connecting the Gullmar and Koljö fjords on the west coast of Sweden. The area is microtidal, with a maximum tidal amplitude of ~0.3 m. When on deck, the sediment box-corer was carefully handled, not to disturb the sediment. A cylinder of black ABS plastics (co-polymer of acrylic nitrile, butadiene and styrene monomers) with a height and inner diameter of 25 cm was then lowered gently into the sediment until there was about 10 cm left to the cylinder top. A marine plywood plate was inserted from the side to function as a bottom for the cylinder. The sediment was silty, with a porosity of 0.84. Prior to the treatment with sediment deposition, the cylinders were left for acclimatisation in the flow-through system for 1 wk.
Experimental set-up
The experiment was run for 23 d in summer (June) at the Lovén Centre for Marine Research, Kristineberg, near the Gullmar fjord. The system consisted of a greenhouse from which the side windows had been removed. This set-up allowed natural variations of light and temperature, but protected the system against precipitation. The cylinders were positioned randomly in a flow-through system and supplied with unfiltered surface water from the Gullmar fjord (salinity range: 26 to 32). The incoming water was directed to an elevated water cistern of 300 l and further by hydrostatic pressure via 10 mm tubing into 4 tubes (300 × 10 cm), each with 12 outlets (6 mm), hanging over the sediment cylinders. These outlets led to inlets (4 mm) placed 5 cm below the upper rim of each cylinder, providing a flow of ~10 l h −1 . The overlying water depth was ~10 cm, providing a total water volume of ~5 l cylinder −1
. Visible epifauna (a few Crangon sp.) were removed from the top of the sediment to avoid differences caused by their uneven distribution.
Deposition of sediment
We mimicked the deposition of dredged sediment by using sieved (1 mm mesh), fine-grained silt from a deeper suboxic sediment layer. The reason for using deeper lying sediment was to avoid addition of fauna and microalgae. The sediment was first slurred in water and bubbled with air under a flow-through system of surface seawater during 2 d for oxygenation and wash-out before use. Sediment was deposited during 7 consecutive days. At deposition, the water level in the cylinders was lowered, and 1.5 l of seawater containing 75 ml of the sediment−water slurry was added gently to each of the 24 deposition cylinders. This resulted in a deposition layer of 1.5 mm d −1 and a final layer of 10.5 mm.
Sampling
Samples were taken from 4 control and 4 deposition cores on Days 1, 2, 4, 8, 15 and 23 after the initial 1 wk sediment deposition. We applied independent sampling, i.e. sampled cores were removed from the experiment. The first sampling was done within 4 h (Day 1) after the last deposition.
Oxygen and nutrient fluxes
Day-time and night-time fluxes between sediment and water were measured in 8 cylinders at each sampling (4 deposition cores, 4 control cores) by incubations under a transparent lid without water flow, but with stirring. For details of the incubation procedure, see Larson & Sundbäck (2008) . At the beginning of incubation, samples were taken for oxygen and nutrient concentrations. The time for incubation was set so that the oxygen concentration would not change more than ~20%, since interferences with nutrient fluxes can occur due to larger oxygen changes (Dalsgaard et al. 2000) . The incubation time averaged just over an hour in light (~12:00 to ~13:00) and ~2 h in the dark (~00:00 tõ 02:00). Oxygen concentrations were measured immediately after sampling using the Winkler technique (Strickland & Parsons 1972 
Denitrification
Denitrification in light and dark was measured by the isotope pairing technique (Nielsen 1992) . After nutrient-flux incubations, Plexiglas cylinders (3.5 cm diameter, 25 cm height) were inserted into the sediment cylinders, initial samples for nitrogen concentrations were taken, and 1 ml of 10 mM 15 NO 3 − (99.6 at%, Europe Scientific) was added to give a NO 3 − concentration corresponding to ~30% of the oxygen concentration. After 0.5 h pre-incubation with label, new samples were taken to obtain the actual starting concentration of 15 NO 3 − . The time needed for diffusion of the label into the sediment was chosen on the basis of previous measurements in similar sediments, where the oxygenation depth had been checked by oxygen microelectrodes (Sundbäck et al. 2006) . The cylinders were closed with tightly fitting Plexiglas plugs and incubated for 2 h. To terminate the incubation, 0.5 ml (1 g ml −1 ) of zinc-chloride (ZnCl 2 ) was added and the sediment was slurred with the overlying water. Slurry samples were transferred into 12 ml gas-tight vials, extra ZnCl 2 (0.25 ml) was added, and the vials were tightly closed and stored in a refrigerator until analysis. The 29 N 2 and 30 N 2 produced were analysed with a gas chromatography and mass spectrometry (GC-MS) system at the National Environmental Research Institute, Silkeborg, Denmark. Calculations of total denitrification (D tot ) were carried out according to Dalsgaard et al. (2000) .
Porosity
Samples for porosity were taken with cut-off 20 ml syringes from the top 5 mm of the sediment. Porosity was determined by dividing the volume of water with the total sediment volume. A marked syringe at the sampling gave the total volume of sediment, and the volume of water was determined by subtracting the sediment dry weight, after 24 h in a 70°C oven, from the wet weight.
Chlorophyll a and benthic microalgae
Samples for the sediment chl a content were taken with a cut-off 10 ml syringe from the top 3 mm of the sediment (the approximate photic zone), pooling 4 subsamples from each replicate cylinder. Chl a was extracted in 3 ml of 95% acetone, sonicated for 10 min in an ice-bath and stored in a refrigerator (8°C) for 24 h. The samples were centrifuged at 3500 rpm (g = 340) for 10 min, and the absorbance of the supernatant was analysed with a spectrophotometer (Shimadzu UV 2401-PC). Chl a was calculated according to Lorenzen (1967) , with a correction for pheopigment content. Pieces of the covering microbial mats were peeled off, and the algal composition was qualitatively studied under a microscope, but no cell counts were made.
Statistical analyses
Two-way analysis of variance (ANOVA), with day and treatment as fixed factors was used to test for significant effects of sediment deposition and light and dark treatments. Homogeneity of variances was tested by Cochran's C-test, and, if found heterogeneous, data were transformed according to Underwood (1997) . When there was significant interaction between factors, pair-wise comparisons of the means were made by the post-hoc Student-Newman-Keuls (SNK)-test. To check for leakage of nutrients from the deposited sediment, possible differences in the nutrient concentrations in the overlying water at the start of the flux measurements were tested by 1-way ANOVA.
The sum of the response of functional variablesreferred to 'integrated community function'-was analysed by the program PERMANOVA, with treatment and day as fixed factors. This program does permutational multivariate analysis of variance (Anderson 2001 , McArdle & Anderson 2001 ) on the basis of any distance measure, using permutation procedures to obtain p-values for the tests (including interactions), for any balanced multifactorial ANOVA design (up to 9 factors). Our data set included 6 functions (denitrification, oxygen and nutrient fluxes) and was tested separately for light and dark. Raw data were not transformed but standardised. To find when the deposition treatment was inseparable from the controls, pair-wise a posteriori comparisons were done with the factor treatment under each level of the factor day. Permutational multivariate dispersion analysis (PERMDISP) was run to look for differences in within-group dispersion based on the distance of replicates from their group centroid. Principal coordinate analysis (PCO, also known as metric multidimensional scaling) was calculated and plotted. The programs PERMANOVA V1.6, PERMDISP and PCO3 were used (M. J. Anderson, Department of Statistics, University of Auckland, New Zealand; www.stat.auckland.ac.nz/~mja/ Programs.htm).
RESULTS
All variables, except net primary production (NPP) and nitrate flux, were affected by the sediment deposition. The 2 state variables, chl a and porosity, were consistently affected, while the timing and extent of the functional variables varied (Table 1, Figs. 1 to 4) . Immediately after the deposition was stopped, sediment−water nutrient fluxes generally turned from sediment uptake to release (Fig. 3) . At the end of the experiment (Day 23), 3 variables remained significantly affected, i.e. porosity (increase), chl a (decrease) and phosphate flux in the dark (increase) ( Table 1) .
Porosity and the microbenthic community
Sediment deposition increased the porosity of the top 5 mm of the sediment significantly, remaining 10% higher throughout the experiment; no de creasing trend was seen through sediment compaction (Table 1, Fig. 1a) . Chl a content in the uppermost 3 mm had decreased on Day 1 by 75% and remained significantly lower throughout the experiment (Fig. 1b) . A significant increasing linear trend (R 2 = 0.95) in the deposition cores indicated that chl a concentration would converge with that of the controls around Day 52, i.e. 7.5 wk after the sedimentation stopped (Fig. 1b) . Newly formed cohesive diatom mats were clearly visible in the deposition cores from Day 8 onwards.
During days with high primary production, oxygen bubbles were trapped in the algal mat, producing flakes that floated away. This flaking was more frequent in the deposition cores than in the control cores. Semi-quantitative microscope studies suggested that the deposition affected the composition of the benthic algal mat. Large motile, sigmoid diatoms, such as Pleurosigma sp. and Gyrosigma sp. (> 500 µm) dominated the newly established algal mats of the deposition cores, while smaller pennate diatoms remained common in the control cores. Filamentous cyanobacteria (Oscillatoria sp.) were only found in the control cores. 
Functional variables
General pattern and nutrient concentrations
Only dark fluxes of oxygen were consistently affected by deposition, while the effect on other rates depended on time (Figs. 2 to 4) . The sediment system remained net autotrophic (production/respiration [P/R] > 1) throughout the experiment, with nutrient fluxes typically directed towards the sediment, also in the dark (Fig. 3) . In the control cores, the uptake in light was significantly higher than in the dark, except for ammonium (2-way ANOVA, D × T, p < 0.05), reflec ting the influence of microalgal activity on flux rates. The release of nutrients immediately after deposition (Day 1) gradually decreased and mostly switched to uptake (Fig. 3) . There was a tendency (not statistically proven) that the initial quantitative effect of deposition on nutrient fluxes was larger in light than in the dark, but with the opposite situation for denitrification.
Generally, nutrient concentrations in the surface water (i.e. initial flux concentrations) were low (ammonium <1.5 µM, nitrate + nitrite < 2 µM except for Day 15 [4 to 5 µM], phosphate < 0.2 µM, silicate 0.3 to 3 µM), with no significant differences between treatments (1-way ANOVA, p > 0.1), suggesting no or little direct leakage from the deposited sediment.
Light fluxes
Although NPP in the deposition cores appeared lower on Days 1 and 8 (Fig. 2a) , there was no overall significant deposition effect. The combination of strongly decreased chl a content and unaffected oxygen production resulted in a significant increase of chl a-normalised NPP (Fig. 2b, Table 1 ). This somewhat unexpected result may have several explanations (see 'Discussion').
Ammonium flux was affected significantly by deposition (Fig. 3a) , whereas nitrate flux was not (Fig. 3c) . For both phosphate and silicate, the deposition induced initially a large efflux (3-fold the uptake in control cores) (Fig. 3e,g ). Although both fluxes decreased gradually, the deposition effect was still significant on Day 8 (Fig. 3e,g ). The effect of sediment deposition was less obvious for denitrification, which was affected only once in light (Day 15) ( Table 1 , Fig. 4 ).
Dark fluxes
The only functional variable that showed a significant overall (main factor) effect of sediment deposition was community respiration (CR; oxygen uptake in the dark), although the effect was quantitatively rather low (Table 1, Fig. 2c ). As in the light, there was on Day 1 a significant release of NH 4 + , which then turned into uptake (( Table 1 , Fig. 3b ). No significant effects at all were found for nitrate in the dark (Fig. 3d) . Phosphate was released from the deposition cylinders in the dark, while it was taken up in the (Table 1 , Fig. 3f ). For silicate, release was significantly higher from the deposition-treated cores only on Day 1 (Table 1 , Fig. 3h ). In contrast to light, there was a large initial negative effect on denitrification in the dark, which later (Day 4) turned into a stimulating effect (Fig. 4) .
Resilience of 'integrated community function'
Multivariate analysis (PERMANOVA) was used to assess the resilience (interpreted as the rate of re covery) of the 'sum' of variables, which we call 'integrated community function'. Six variables were used in the analyses: fluxes of oxygen, ammonium, ni trate + nitrite, phosphate and silicate, as well as denitrification, which were analysed separately for light and dark conditions (Table 2 , Fig. 5) .
Initially, the deposition affected the integrated function both in the light and the dark, as shown by the significant differences in the pair-wise comparisons following PERMANOVA (Table 2, Fig. 5 ). The recovery rate was, however, different in light and dark. In the dark, recovery was already apparent by Day 2, while in the light recovery was seen only after 2 wk (Day 15) (Table 2, Fig. 5) , with significant differences between treatments on Days 1, 4 and 8 (p < 0.05). On Days 1 and 4, the groups were clearly separated and showed about the same level of within-group dispersion. On Day 8, however, the deposition replicates showed significantly greater dispersion (PER-MDISP; Table 2 ). For Day 23, the significant difference in dispersion was opposite, with deposition replicates more tightly grouped than the controls; however, they remained around the same spot and were not separated by PERMANOVA. The observed significant effect on denitrification on Day 15 in light (Fig. 4) was not strong enough to generate a difference in the integrated function.
Although PERMANOVA showed only an initial deposition effect on the integrated function in the dark, PERMDISP revealed a significant treatment effect on the dispersion of the replicates (p < 0.05) ( Table 2 Since only 2 non-functional variables (porosity and chl a) were measured, they were not analysed by PERMANOVA. In contrast to the integrated function, chl a content and porosity did not recover over the course of the experiment (Fig. 1) .
DISCUSSION
Our main results can be summarised as follows. (1) Both structure and function of the microbenthic community were affected by the deposition event.
(2) MPB biomass (chl a) was initially strongly reduced, and, despite a linear increase, full recovery could not be expected until after 7 wk. The com position remained in its altered state. (3) Higher porosity in the deposition cores increased the risk of flaking of the algal mats. (4) Functions directly related to photosynthetically active algae (NPP and nutrient fluxes in light) recovered faster than algal biomass. (5) Still, fluxes in light initially appeared to be more strongly affected than in the dark, in contrast to the pattern observed in previous experiments dealing with stressors that do not directly affect light conditions. (6) Integrated community function recovered faster in the dark.
The results supported our first hypothesis regarding a relatively slow recovery of MPB biomass. Although our second hypothesis regarding a more rapid recovery of 'dark functions' was not unambiguously supported by the response of individual functions, the observed faster recovery of the integrated community function in the dark did. While functions in the light remained affected for 2 wk, functions in the dark appeared to have already recovered after 1 d.
Methodological aspects
Our decision to use intact natural sediment entailed a deliberate trade-off between retaining the original complexity of the system and obtaining more clear-cut results from simplified systems due to better reproducibility. To increase the relevance of the measured recovery after simulated shortterm dredging or construction work, the deposition 39 Fig. 5 . Response and recovery of the integrated community function after sediment deposition analysed by PERMANOVA and plotted as principal coordinates (PCO). Coordinates were calculated from a matrix including 6 variables (denitrification and fluxes of oxygen, ammonium, nitrate + nitrite, phosphate and silicate), with separate analyses for light and dark conditions. The treatments are significantly separated on Day 1 in both light and dark. After Day 1, there are no differences in the dark, while in the light the treatments are also significantly separated on Days 4 and 8. On Day 8, in light, there is also a significant difference in within-group dispersion. For PERMANOVA and PERMDISP statistics, see Table 2 event lasted for 1 wk. Since the only connection with the surrounding marine environment was the incoming unfiltered seawater, no horizontal immigration from nearby sediment was possible. In this sense, our sedi ment deposition -despite the limited area of the experimental cylinders (490 cm 2 ) -should have fairly well simulated a scenario with a larger area covered by deposited sediment. Hence, at least the initial responses to deposition were due to indigenous organisms, although colonisation by, e.g., bacteria from inflowing water may have been very fast.
One limitation of our set-up could have been that we, because of a water column of only 10 cm, underestimated the effect of increased turbidity; in a higher water column, fine particles may stay suspended longer, reducing light. Despite some limitations of our set-up, our results should still be of acceptable ecological relevance regarding the simulated scenario.
Sensitivity and resilience of microphytobenthos at sediment deposition
We hypothesised that the light exclusion caused by sediment deposition, also being a physical obstacle for algae returning to the surface, would result in slower recovery of MPB and related sediment functions when compared with effects of stressors that do not influence the light climate (e.g. hypoxia, toxicants). This proved to be true for microalgal biomass (chl a), which decreased by 75% and was estimated to recover fully only after 7 wk. Neither hypoxia, nor toxicant exposure were found to have such a strong and long-standing negative effect on sediment chl a (Piehler et al. 2003 , Alsterberg et al. 2007 , Larson & Sundbäck 2008 , Petersen et al. 2009 , Engelsen et al. 2010 ).
Importance of vertical migration
Benthic diatoms are generally considered to withstand harsh conditions and various disturbances, such as resuspension, darkness, hypoxia, H 2 S and even toxicants (Admiraal 1984 , Sundbäck et al. 1990 , Underwood & Paterson 1993 , Larson & Sundbäck 2008 . However, being gradually covered by a layer of 1 cm of fine sediment was obviously a severe disturbance for the MPB. The linear increase of chl a that we found implies that the reoccurrence of algae on the sediment surface was mainly driven by vertical upward migration (cf. Wulff et al. 1997) , although growth may also have played a role.
We expected that the recovery per millimetre deposition in our original silty sediment would be faster compared to that in sandy sediment, where epipsammic, non-motile, or slowly moving microalgal species dominate. Wulff et al. (1997) found a re-colonisation rate of 8 d for a 2.5 mm layer of deposited fine sediment, so we expected a faster rate (i.e. < 34 d per 10.5 mm), because MPB species of fine-grain sediments can be assumed to be better adapted to deposition because of their capability to move faster (e.g. Hay et al. 1993 , Jönsson et al. 1994 . The observation that large motile diatoms (> 500 µm) dominated the newly formed MPB mats in the deposition cores supports the assumption that the larger diatoms moved faster and also agrees with similar findings by Wulff et al. (1997) . However, if our sigmoid diatoms (Gyrosigma sp. and Pleurosigma sp.) moved as fast as Gyrosigma spenceri on a tidal flat (0.19 µm s −1
; Hay et al. 1993) , it would have taken only ~2.5 h for them to migrate through a daily 1.5 mm deposition layer. As this did not happen, the upward migration in our non-tidal sediments may have been controlled by other factors, such as the light threshold of the phototactic response, which is known to vary between species (Paterson 1986) .
Diatoms have been found to increase their dominance over cyanobacteria at the surface of sediments subjected to deposition (Parodi & de Cao 2002) . We found filamentous cyanobacteria (mainly Oscillatoria sp.) in the controls, but not in the deposition cores. Oscillatoria sp. is motile, but perhaps its long chains may delay its optimal positioning for vertical migration.
Rate of recovery
The predicted time of 52 d to the point of recovery of the MPB biomass represents a long recovery time in relationship to MPB. In previous stressor experiments, chl a recovered in <10 d (Alsterberg et al. 2007 ), showed no negative response at all (Larson & Sundbäck 2008) , or even increased later because of indirect effects , Larson & Sundbäck 2008 , Petersen et al. 2009 . So why was NPP not negatively affected as was biomass, resulting in higher chl a-normalised oxygen production? Rodil et al. (2011) found the opposite situation for sandy sediment (no effect on chl a, lower primary production) after deposition of terrigenous sediment. They explained the results by different levels of nutrient limitation. Silty sediments in coastal areas generally contain high concentrations of nitrogen and phosphorus, and therefore nutrient limitation is less likely in such sediments (Fisher et al. 1982 , Sundbäck et al. 2003 , Engelsen et al. 2008 . We deposited washed sediment, but in situ considerable organic enrichment can be expected in association with the outwash from dredging (Newell et al. 1999) , and did not measure dissolved organic nutrients in our experiment. Thus, we can only speculate possible explanations for the higher chl anormalised production with deposition. Reasons could include the different physiologies and behaviours of dominating motile species, or the release from resource competition (light and nutrients) within the less dense microbial mats when compared with controls. The most probable explanation may be flaking, leading to underestimation of the chl a content in sediment, while flakes in the water column contribute to benthic oxygen production.
Flaking
The deposition of fine-grained sediment increases porosity, resulting in a more flocculent surface material and subsequent flaking. Although keeping sediment in experimental containers in itself may increase flaking (Alsterberg et al. 2011) , flaking was more frequent in the deposition cores. In conjunction with restored photosynthetic oxygen production, paralleled by increased production of extracellular polymeric substances (EPS), probably due to increased diatom motility, the risk of mat loss increased because of increased buoyancy. The more fluid, lessstable deposited sediment below the microbial mat did not counteract the traction force from the mat buoyancy acting upon the connection between the mat and the underlying sediment. In situ, this may lead to a loss of the microbial mat over large areas (for discussion on flaking, see Sutherland et al. 1998) , delaying benthic mat recovery. In tidal areas, the sediment is regularly compacted due to de-watering during low-tide emersion (Perkins et al. 2003) , but this does not happen in non-tidal or sub-tidal sediments, where the risk of flaking becomes greater. The recovery of initial sediment characteristics after deposition can, however, also take long in intertidal areas . The most important factors influencing the recovery of surface sediment characteristics are probably local hydrodynamics (Dernie et al. 2003) in combination with the topography of the area and surroundings.
Recovery of functions
While the recovery of the MPB biomass appeared slow, the recovery of functional variables was fast. Still, the influence of the affected MPB on the functions was evident. In the dark, the deposition effect appeared only on the first day after final sediment deposition, while, in the light, the effect remained at least until Day 8 (Fig. 5) . From Day 15 onwards, when the chl a content in the deposition cores increased to 50% of that in the controls, no more effects were seen in 'light functions'. Ammonium, silicate and especially phosphate fluxes were clearly affected by deposition, with either lower uptake (ammonium) or higher release (P, Si). The changed flux pattern was probably not only a result of initially decreased uptake by MPB, but also of increased permeability of the deposited material because of the initial lack of a cohesive microbial mat. In permeable sediments, advective flow enhances fluxes, driving pore water out of the sediment (e.g. Forster et al. 1996) . The reason for no or only a minor effect of deposition on nitrate and denitrification could be due to the rapid restoration of the oxygen gradient in the sediment.
Our second hypothesis was that functions mainly driven by bacteria (e.g. remineralisation and denitrification) will recover faster than functions directly related to light-dependent primary producers. This is the opposite of our results from previous stressor experiments, where MPB played a key role in community resilience (e.g. Sundbäck et al. 2007 , Larson & Sundbäck 2008 , Engelsen et al. 2010 ). In the present deposition experiment, the expected contrary results were not as obvious when looking at the response of individual functional variables, although PO 4 3− and Si(OH) 4 fluxes particularly supported our hypothesis. The multivariate analyses, however, supported our hypothesis of a faster recovery in the dark than in light (Fig. 5) . The multivariate analysis depicting the 'integrated community function' thus appeared to be more powerful for studying recovery than were individual variables.
Scales
Both temporal and spatial scales are crucial when experimenting with recovery (e.g. Norkko et al. 2006 ). As we wanted to study microbenthos and sediment−nutrient fluxes, we chose to do our experiment in a system on land. Most field experiments on recovery have been on macrofauna, and recovery times of at least 100 to 200 d up to several years after physical disturbance events have been found (Boyd et al. 2003 , Lundquist et al. 2004 , Norkko et al. 2006 , Thrush et al. 2009 , Borja et al. 2010 . When compared with macrofauna, the recovery time of MPB in our experiment was still relatively short. Since there is a vast difference in both generation time and turnover between macrobenthos and MPB, such a difference is intuitively expected, and has also been predicted through modelling of resilience (DeAngelis 1980 , DeAngelis et al. 1989 . To understand the relation between macroand microbial components and processes for community and system resilience, it is important to simultaneously consider different size groups of organisms, but such studies are still rare (Stocks & Grassle 2001 , Montserrat et al. 2008 , Rodil et al. 2011 . Interestingly, Rossi et al. (2009) , who studied microbial carbon flow through MPB and bacteria together with macrofaunal recovery, concluded that (macroscopic) species assemblages and ecosystem function recovered relatively independently in a tidal benthic system. However, they did not study the structure of microscopic assemblages. We observed a lasting change in the microbial community (MPB), despite the restored community function (primary production), pointing at an inherent redundancy of the microphytobenthic community. Besides scale, local hydrodynamic conditions and adjacent areas influence the extent of effects and the recovery from sedimentation (Cruz-Motta & Collins 2004), but these aspects are outside the scope of our study.
Conclusions
Sediment deposition can be a severe disturbance to MPB, which is often the most important primaryproducing component of shallow-water sediments void of macroscopic vegetation. Parts of the MPB may manage to rapidly return to the surface, perform photosynthesis and grow, thereby restoring the oxygenation of the sediment surface. However, not only does the sediment deposition constitute a physical cover on the microalgal mat, but it also provides a less stable, more porous substrate for the newly established microbial mat. This change of substrate type increases the risk of flaking and loss of mat, especially in areas with constantly inundated sediments, delaying the recovery of crucial benthic ecosystem functions. Deposition of a permeable layer of fine sediments can also increase benthic release of nutrients, enhancing eutrophication by internal nutrient loading. The function of the lower trophic levels -microbenthos -should therefore be taken into account when permitting activities that cause increased sedimentation. Even a thin deposited layer can limit the food supply for grazers, deposit feeders and filter feeders, also ultimately decreasing the food supply for fishes that use shallow-water sediments as nurseries. 
